The p53 pathway is pivotal in tumor suppression. Cellular p53 activity is subject to tight regulation, in which the two related proteins Mdm2 and Mdm4 have major roles. The delicate interplay between the levels of Mdm2, Mdm4 and p53 is crucial for maintaining proper cellular homeostasis. microRNAs (miRNAs) are short non-coding RNAs that downregulate the level and translatability of specific target mRNAs. We report that miR-661, a primate-specific miRNA, can target both Mdm2 and Mdm4 mRNA in a cell type-dependent manner. miR-661 interacts with Mdm2 and Mdm4 RNA within living cells. The inhibitory effect of miR-661 is more prevalent on Mdm2 than on Mdm4. Interestingly, the predicted miR-661 targets in both mRNAs reside mainly within Alu elements, suggesting a primate-specific mechanism for regulatory diversification during evolution. Downregulation of Mdm2 and Mdm4 by miR-661 augments p53 activity and inhibits cell cycle progression in p53-proficient cells. Correspondingly, low miR-661 expression correlates with bad outcome in breast cancers that typically express wild-type p53. In contrast, the miR-661 locus tends to be amplified in tumors harboring p53 mutations, and miR-661 promotes migration of cells derived from such tumors. Thus, miR-661 may either suppress or promote cancer aggressiveness, depending on p53 status.
p53 is a transcription factor that responds to diverse types of stress and modulates the expression of a large group of genes regulating cell cycle progression, cell death and survival, metabolic homeostasis, genomic integrity, differentiation and more. 1, 2 The p53 pathway has a pivotal role in tumor suppression in humans.
Mdm2 and Mdm4 (also called Mdmx; human orthologues often referred to as Hdm2 and Hdm4, respectively) are structurally related proteins that serve as major negative regulators of p53. [2] [3] [4] They both contain an amino-terminal p53-binding domain, as well as a central acidic domain and a carboxy-terminal RING finger, and both are overexpressed in a variety of human tumors. 2, 4 Both Mdm2 and Mdm4 can bind to the transactivation domain of p53 and inhibit its transcriptional activity by physically blocking its interaction with components of the transcriptional machinery. In addition, Mdm2 is an E3 ubiquitin ligase that can drive polyubiquitylation and subsequent proteasomal degradation of p53. 2, 4 Notably, the Mdm2 gene is a positive transcriptional target of p53, 5, 6 underpinning a negative feedback loop that tunes down cellular p53 activity. Although Mdm4 alone has no measurable E3 activity towards p53, the Mdm2-Mdm4 hetero-oligomer is a more efficient p53 E3 ligase than Mdm2 alone, and thus Mdm4 acts as an Mdm2-dependent enhancer of p53 degradation. 7 microRNAs (miRNAs) are small non-coding RNAs, B22-nt long, which regulate gene expression mainly through specific interaction with mRNA targets. 8 miRNAs are loaded onto the RISC complex to direct it to a specific subset of mRNAs, thus inhibiting their translation or targeting them for cleavage and degradation. Although miRNA binding sites are located throughout the length of the target mRNA, they are often found within the 3 0 UTR. 8 Not all putative miRNA binding sites are actually functional. One particular example is Alu sequences, which are primate-specific repetitive elements with more than one million copies in the human genome. Alu sequences present tens of thousands of potential miRNA targets, but most of those targets are ignored by the miRNA machinery and therefore have no impact. 9 Nevertheless, a small group of miRNA targets within Alus may become functional and may be retained when this is beneficial for the organism. 9 miRNAs are intimately intertwined in the p53 pathway. Thus p53 regulates the expression of a substantial number of miRNAs, some positively and some negatively, and numerous components of the p53 pathway, including p53 itself, are subject to direct inhibitory regulation by specific miRNAs. 10 The fine balance between miRNAs and their mRNA targets within the p53 network is often perturbed in cancer. 11 In general, miRNAs that repress p53 activity will tend to be constitutively upregulated in cancer, whereas those that augment p53 activity, for example, by targeting Mdm2 or Mdm4, will tend to be silenced. Interestingly, polymorphisms that affect the recognition of particular p53 network transcripts by specific miRNAs may impact cancer progression, as exemplified by the case of Mdm4 and miR-191. 12 Here we report that miR-661 targets simultaneously both Mdm2 and Mdm4 mRNA, at least in part via targets within Alu elements in their 3 0 UTRs, and increases the functionality of p53. Moreover, deregulated miR-661 expression may contribute to cancer in a manner that depends on p53 status.
Results miR-661 downregulates simultaneously both Mdm2 and Mdm4. To identify miRNAs that regulate the p53 pathway in human cells, we searched for miRNAs that are predicted to target multiple gene transcripts in the p53 network. Our prediction requested 7-mers within the target mRNA 3 0 UTR that fully match bases 2-8 of the particular miRNA. To increase the likelihood of true hits, we also requested that the specific miRNA will have more than one putative binding site within the 3 0 UTR of each target mRNA. Using these criteria, the strongest prediction was for miR-661 to target simultaneously the transcripts of human Mdm2 and Mdm4, encoding two closely related major negative regulators of p53. Specifically, Mdm2's 3 0 UTR contains three potential targets for miR-661, and Mdm4 contains nine targets (Supplementary Figure S1) .
To investigate whether miR-661 can indeed target Mdm2, we transiently transfected MCF7 breast cancer cells with miR-661 mimic. Although this led to only a slight reduction in Mdm2 mRNA (Figure 1a ), Mdm2 protein levels were markedly downregulated ( Figure 1b) . The effect of miR-661 on Mdm2 protein levels was reproduced in a variety of other cell lines, including A549 and H460 (non-small cell lung cancer), OVCAR-3 and OVCAR-8 (ovarian cancer), A375 (malignant melanoma) and MDA-MB-435 and MDA-MB-231 (breast cancer) (Figure 1b and Supplementary Figure S2) . In most cases, p53 protein levels were not altered. Interestingly, while Mdm2 mRNA levels were only marginally affected in MCF7 and A549 cells, a more significant reduction could be observed in MDA-MB-435 cells (Figure 1a) . Notably, MCF7 and A549 express wild-type p53 (WTp53) whereas MDA-MB-435 express mutant p53. As Mdm2 downregulation is expected to increase the transcriptional activity of p53, and the Mdm2 gene is a positive transcriptional target of p53, the negative effect of miR-661 on Mdm2 mRNA may be partly compromised, in cells expressing WTp53, by increased transcription of the Mdm2 gene. To address this possibility, we doubly transfected MCF7 cells with a combination of miR-661 mimic and p53 siRNA (sip53), thereby attenuating the Mdm2-p53 feedback loop. Indeed, depletion of p53 revealed a stronger downregulation of Mdm2 mRNA by miR-661 ( Figure 1c) ; in agreement, the decrease in Mdm2 protein was also more pronounced ( Figure 1c) . Finally, to validate that endogenous miR-661 also targets Mdm2, we transfected MCF7 cells with miR-661 inhibitor. As seen in Figure 1d , this led to an increase, albeit modest, in Mdm2. In sum, these observations identify Mdm2 as a bona fide target of miR-661.
As noted above, miR-661 is predicted to also target Mdm4. Indeed, transfection of MCF7 cells with miR-661 mimic elicited a modest reduction in Mdm4 protein (Figure 2 ), although we did not observe a significant effect on Mdm4 mRNA (data not shown). Unlike its widespread effect on Mdm2, miR-661 did not suppress Mdm4 protein in several other cell lines (data not shown), suggesting that its ability to target Mdm4 mRNA is highly context dependent. Conceivably, miR-661 may regulate Mdm4 in synergy with other miRNAs, expressed in MCF7 but not in the other cell lines examined. In fact, the Mdm4 3 0 UTR is exceptionally long and is predicted to harbor binding sites for a multitude of miRNAs.
Of the nine predicted miR-661 targets within the Mdm4 mRNA 3 0 UTR, all except one reside within Alu repeats (Supplementary Figure S1) . As Alu-embedded miRNA targets are often non-functional, 9 we surmised that the single non-Alu target was responsible for inhibition by miR-661. However, when cloned in a luciferase reporter, a 300-base-pair fragment spanning this target had no detectable effect in MCF7 cells (data not shown), as was also the case when several Alu-embedded putative targets were similarly tested individually. Thus, a combination of two or more targets may be required to mediate the inhibitory effect of miR-661 on Mdm4.
miR-661 interacts with Mdm2 and Mdm4 mRNA within cells. To obtain more direct evidence for the interaction of miR-661 with Mdm2 and Mdm4 mRNA, we performed an miRNA pull-down assay. Briefly, cells were transfected with biotinylated miR-661 mimic or miRNA control; biotinylated miR-661 retained the ability to downregulate both Mdm2 and Mdm4 (Figure 3b) . Cell extracts were then prepared and reacted with streptavidin-coupled beads in order to affinity purify the miRNA mimic together with its associated mRNA molecules. 13, 14 As seen in Figure 3a , both Mdm2 and Mdm4 mRNA were significantly enriched in the miR-661 pull-down relative to the miR-control pull-down; Mdm2 mRNA displayed a greater fold enrichment than Mdm4 mRNA. Actin mRNA, which is not a predicted miR-661 target, did not undergo comparable enrichment. These data strongly suggest that, as predicted computationally, miR-661 binds directly Mdm2 and Mdm4 mRNA. miR-661 augments p53 functionality. Mdm2 and Mdm4 are both negative regulators of p53. Therefore, downregulation of Mdm2 and Mdm4 by miR-661 is expected to increase p53 functionality. One predicted manifestation is transcriptional activation of p53 target genes. We therefore monitored the impact of miR-661 overexpression on the endogenous levels of several such transcripts. Indeed, miR-661 overexpression significantly increased the amount of p21 mRNA, product of a canonical p53 target gene encoding a cyclindependent kinase inhibitor (Figure 4a ). Consequently, p21 protein also increased (Supplementary Figure S3) . Importantly, p21 induction was abolished by p53 knockdown (sip53, Figure 4a ), confirming that the effect of miR-661 on p21 expression was p53 dependent. Comparable effects of miR-661 were also observed for additional p53 target genes, Intriguingly, despite reduced levels of Mdm2 and Mdm4 proteins following miR-661 overexpression, p53 protein levels did not increase noticeably in most cell lines (Figure 1b) . This was at first glance puzzling, as a decrease in Mdm2 and Mdm4 is expected to compromise p53 polyubiquitylation and therefore lead to p53 stabilization and accumulation, an expectation seemingly supported by the increased p53 activity ( Figure 4 ). However, besides promoting p53 degradation, Mdm2 and Mdm4 also inhibit directly the biochemical functions of p53. 2 We therefore reasoned that the relatively modest decrease in Mdm2 and Mdm4 might have been insufficient to elicit a detectable increase in p53 protein levels, yet was sufficient for augmenting p53's activity. To test this conjecture, we transfected MCF7 cells with low concentrations of Mdm2 and Mdm4 siRNA oligonucleotides and assessed the impact on p53 amount and activity. Indeed, the resultant mild decrease in Mdm2 and Mdm4, comparable to that achieved by miR-661 overexpression, did not affect p53 levels significantly (Supplementary Figure S4) , but it nonetheless led to a visible increase in p21, attesting to functional p53 activation.
miR-661 causes p53-dependent cell cycle arrest. To investigate the biological impact of p53 activation following miR-661 overexpression, we next examined the effect of this miRNA on the cell cycle. As seen in Figure 5a , transfection of MCF7 cells with miR-661 led to a significant decrease in the S phase fraction, monitored by BrdU incorporation. This effect was partially alleviated by knockdown of p53 (Figure 5a ; knockdown validation in Supplementary Figure  S5 ) and was reproduced with a different p53 siRNA (Supplementary Figure S6) . Similar results were obtained in WTp53-expressing H460 and A549 cells ( Figure 5a ); in A549, both the inhibitory effect of miR-661 and its alleviation by p53 depletion were particularly pronounced. These data suggest that the cell cycle inhibitory effect of miR-661 is mediated by a combination of p53-dependent and p53-independent mechanisms. Remarkably, miR-661 did not affect cell cycle progression in ovarian carcinoma-derived OVCAR-3 cells (Figure 5b ), which harbor a missense mutation in the p53 DNA-binding domain (DBD), or in OVCAR-8 cells that harbor a six amino acid in-frame deletion within the DBD 15 and are thus expected to have lost WTp53 function. 
Consistent with its inhibitory effect on cell cycle progression in MCF7 cells, miR-661 overexpression also led to a reduction in long-term colony-formation capacity (Figure 5c ). In conclusion, miR-661 overexpression can promote cell cycle arrest and reduce cell proliferation, at least partially through p53 activation.
High miR-661 expression correlates with good prognosis in breast cancer. As shown above, overexpression of miR-661 activates p53 and exerts antiproliferative effects in MCF7 cells. If this also holds true for actual tumors, one might predict that higher miR-661 expression may restrict tumor growth and aggressiveness, at least in cancer types that share similar features with MCF7. MCF7 are derived from an estrogen receptor positive (ER þ ) breast cancer; therefore, we used the MIRUMIR tool 16 to query the prognostic value of miR-661 expression levels in patients with high-risk ER þ breast cancers, based on published data. 17 As shown in the Kaplan-Meier plot in Figure 6a , patients with high miR-661 expression were found to have a better survival probability than low miR-661 expressors (P-Value ¼ 0.0002). Of note, ER þ breast tumors have a very low rate of p53 mutations, and therefore mostly express WTp53. 18 This observation is consistent with our in vitro findings and suggests that reduced miR-661 expression may contribute to cancer aggressiveness, and possibly to therapy resistance, by attenuating p53 functionality in the tumor cells.
The miR-661 locus is preferentially amplified in tumors with mutant p53 and miR-661 promotes migration of cells from such tumors. Our data suggest that miR-661 may be considered a putative tumor suppressor, as it induces antiproliferative effects, partly through augmentation of p53 activity. Surprisingly, analysis of genome-wide miR-661 locus alterations using the cBio portal 19 revealed that this locus actually tends to be amplified in a variety of cancers, including ovarian serous cystadenocarcinoma (B25% of cases) and invasive breast carcinoma (B7%) (Figure 6b ). This might seem in disagreement with the proposed tumor-suppressive effects of miR-661; however, further analysis revealed that while only a minority of tumors included in this data set carried TP53 gene mutations (Supplementary Figure S7 ; overall p53 mutation frequency in the entire set of tumors ¼ 44%), in most tumors with miR-661 amplifications the TP53 gene was actually mutated (Figure 6b) . Remarkably, miR-661 amplification is particularly frequent in ovarian serous cystadenocarcinoma (Figure 6b ), a tumor type with an exceptionally high rate of TP53 gene mutations. 20, 21 Hence, miR-661 amplifications appear to be largely avoided in tumors that retain WTp53, consistent with our prediction that, by boosting p53 functionality, such amplifications may interfere with tumor progression. Conversely, in tumors harboring p53 mutations, excess miR-661 may potentially become advantageous, favoring amplification of this locus.
Cancer-associated p53 mutations can endow the mutant p53 with cancer-promoting gain-of-function (GOF) activities. 22, 23 Hence, in tumors harboring such mutations, miR-661 amplification might be favorably selected, because it may sometimes stabilize the mutant p53 protein and augment its GOF effects. This possibility is supported by an experiment where ovarian carcinoma-derived OVCAR-8 cells were transiently transfected with either miR-661 mimic or miR-661 inhibitor. OVCAR-8 cells carry a six nucleotide deletion within the p53 DBD and accumulate stable mutant p53 protein. As seen in Figure 6c , miR-661 overexpression led to a modest increase in mutant p53 levels. Moreover, miR-661 inhibition partially reduced p53 levels, suggesting that the endogenous miR-661 indeed contributes towards sustaining mutant p53 accumulation in those cells. One distinctive GOF activity of mutant p53 is augmentation of growth factor-induced cancer cell migration. 24 Indeed, depletion of endogenous mutant p53 markedly reduced serum-induced OVCAR-8 cell migration, confirming that the mutant p53 of these cells harbors GOF activities (Supplementary Figure S8) . Importantly, miR-661 mimic overexpression significantly promoted OVCAR-8 cell migration (P-value ¼ 0.02, Figure 6d ; protein analysis in Supplementary Figure S9) ; conversely, miR-661 inhibition led to a modest but significant reduction in the rate of migration (P-value ¼ 0.04, Figure 6e ). Hence, in agreement with earlier findings, 25 miR-661 can augment the migration of cells harboring mutant p53. Overall, these findings are consistent with the observed amplification of miR-661 in serous ovarian cancer and suggest that such amplification might contribute to ovarian cancer progression partly through increasing mutant p53 levels.
Discussion
In this study, we show that miR-661, a primate-specific miRNA, targets simultaneously two major negative regulators of p53: Mdm2 and Mdm4. In this manner, even very modest effects of miR-661 on each of these two proteins alone may translate into a significant effect on cellular p53 activity. It is also noteworthy that most of the predicted miR-661 targets within the Mdm2 and Mdm4 RNA 3 0 UTRs reside within Alu elements; in fact, Mdm2 has three predicted targets, all within Alus, while Mdm4 has nine predicted targets, all but one within Alus. In general, miRNA targets within Alus tend to be nonfunctional. 9 However, there exist rare exceptions to this general rule, which might present an opportunity for the primate genome to acquire novel regulatory layers. Interactions of the primate-specific miR-661 with Alu elements within Mdm2 and Mdm4 mRNA may represent such an example.
Recent studies addressing the impact of miR-661 on cancer have yielded seemingly conflicting conclusions. Thus, one study concluded that miR-661 contributes to cancer aggressiveness, partly through inducing epithelial to mesenchymal transition;
25 the cell-cell adhesion protein Nectin-1 and the lipid transferase StarD10 were identified as the pertinent miR-661 targets. In contrast, others reported that miR-661 actually inhibits cancer progression and showed that its levels are strongly reduced as cells become more invasive; 26 in that study, metastatic tumor antigen 1 was identified as the pertinent miR-661 target. Our findings now offer a plausible resolution to this conundrum. We propose that in cells harboring WTp53, miR-661 will augment p53 functionality and therefore will be primarily tumor suppressive. In contrast, in cells that have acquired p53 mutations, miR-661 may conjunction with the analysis of miR-661 alterations in various types of human cancer, further underscore the notion that the same miRNA may be either pro-or anti-tumorigenic, depending on cellular context. This duality is particularly striking in the case of breast cancer. In this cancer, miR-661 amplification is preferentially associated with TP53 mutations (Figure 6b) , prevalent in the more aggressive subclasses. 18, 27 This stands in stark contrast with the fact that in breast cancer subclasses harboring mostly WTp53 high miR-661 expression can actually be shown to correlate with good prognosis (Figure 6a) .
Notably, miR-661 resides within an intron of the PLEC1 gene, encoding plectin, and the mature miRNA is presumably produced from processed PLEC1 pre-mRNA. Interestingly, plectin is overexpressed in various human cancers and has been shown to promote cancer cell migration and invasion. 28, 29 It is thus tempting to speculate that the embedding of miR-661 within the plectin gene may serve as a safeguard mechanism against aberrant overexpression of a potential oncogene. Thus, if excessive PLEC1 expression is spuriously triggered by events such as gene amplification or transcriptional deregulation, miR-661 will be simultaneously induced, alerting p53 and preventing the potential oncogenic outcome of excessive plectin.
It is most certain that the diverse biological effects of miR-661 are dictated by much more than just p53 status. This is clearly illustrated by the fact that the cell cycle inhibitory effect of miR-661 overexpression is only partially alleviated by p53 depletion, and the extent of p53 dependence varies greatly among individual cancer cell lines (Figure 5a ). Moreover, numerous additional targets beyond those described here and in previous studies 25, 26 are expected to contribute to the diverse biological effects of miR-661. Identification of such additional targets and their possible crosstalk with the p53 pathway merits further investigation.
Materials and Methods
Cell culture, siRNA and miRNA transfections. Cells were maintained at 37 1C in DMEM (Biological Industries, Beit-Haemek, Israel) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Hyclone, Logan, UT, USA) (besides OVCAR-8 cells, which were maintained in RPMI with 5% heat-inactivated FBS) and penicillin-streptomycin antibiotics solution (Biological Industries).
Transient transfection of miRNA and siRNA was performed with Dharmafect 4 (MDA-MB-231) or Dharmafect 1 (all other cell lines) according to the manufacturer's (Dharmacon, Lafayette, CO, USA) instructions. miRNA mimics (Dharmacon) were used at a final concentration of 20 nM; siRNA (Dharmacon) was used at different concentrations. For RNA and protein analysis, Dharmafect Smart-pool siRNA was used. For cell cycle analysis, single siRNA oligos (Sigma, St. Louis, MO, USA and Dharmacon) were used. miRNA inhibitor (miRIDIAN microRNA Hairpin Inhibitor; Dharmacon) was used at 100 nM final concentration. Primers. The following primers were used (Sigma): Western blot analysis. For western blot analysis, cells were washed with PBS, collected and lysed with NP40 lysis buffer (150 mM sodium chloride, 50 mM Tris pH ¼ 8, 1% NP40) with protease inhibitor cocktail (Sigma). Cells were vigorously vortexed and centrifuged at 14 000 r.p.m. for 10 min at 4 1C, and the soluble fraction was used to determine protein concentration in each sample. The protein concentration was quantified with the BCA kit (Thermo Scientific, Rockford, IL, USA) according to the manufacturer's protocol. Protein sample buffer (3% SDS, 10% glycerol, 5% b-mercaptoethanol, 62 mM Tris pH ¼ 6.8) was added, and samples were boiled for 5 min and loaded onto SDS-polyacrylamide gels. Proteins were transferred onto nitrocellulose membranes, followed by 30 min blocking in 5% milk in PBS. The membranes were incubated with primary antibodies overnight at 4 1C, washed three times with PBS-T (0.05% Tween-20 in PBS) and reacted for 45 min with horseradish peroxidase-conjugated IgG, followed by three washes with PBS-T and one wash in PBS. The proteins were visualized using an enhanced chemiluminescence (ECL) detection kit (Amersham, GE Healthcare; Piscataway, NJ, USA), followed by exposure to X-ray film or analysis in a ChemiDoc MP imaging system (Bio-Rad). Bands were quantified with Image Lab 4.1 (BioRad, Hercules, CA, USA).
Luciferase assays. Cells were seeded in 12-well dishes and transfected with miRNA (20 nM final) as described above. Forty-eight hours later, cultures were transfected with 200 ng of firefly luciferase reporter plasmid DNA (p21 WT or p21 mutated) and 40 ng renilla luciferase plasmid DNA, using the JetPEI reagent (Polyplus Transfection, New York, NY, USA) in NaCl, according to the manufacturer's protocol. Twenty-four hours later, cells were washed twice in PBS and lysed with passive lysis buffer (Promega) for 15 min with shaking. Luciferase reporter activity was measured in a luminometer (Moduluc Microplate, Turner BioSystems, Sunnyvale, CA, USA).
BrdU incorporation analysis. Twenty-four hours after seeding, cells were transfected with miR-661 or miR-C (20 nM). Twenty-four hours later, cells were retransfected with 20 nM p53 siRNA (Sigma or Dharmacon single oligos) or LacZ siRNA (Dharmacon). After additional 24 h, cells were analyzed for BrdU incorporation as previously described. 30, 31 Colony-formation assays. Twenty-four hours after seeding, cultures were transfected with 20 nM miR-661 or miR-C. After additional 24 h, cells were counted, seeded in a six-well plate at a density of 3000 cells/well and incubated for 8 days at 37 1C in a humidified atmosphere of 5% CO 2 . The colonies were fixed with cold methanol for 5 min, stained with 0.1% crystal violet for 10 min and washed with distilled water. miRNA pull-down. miRNA pull-down assays were performed as described. 13, 14 MCF7 cells were seeded in 10-cm dishes 24 h before being transfected with biotinylated miR-661 mimic or miR control (100 nM; Dharmacon). After 48 h, cells were harvested in lysis buffer (20 mM Tris pH 7.5, 100 mM KCL, miR-661 targets Mdm2 and Mdm4 Y Hoffman et al 5 mM MgCl2 and 0.3% NP-40, including 100 m/ml RNAse inhibitor (Promega) and Protease Inhibitor mix (Sigma)) and incubated with Streptavidin Dynabeads (Invitrogen) for 4 h at 4 1C with constant rotation. The beads were prepared and washed according to the manufacturer's instructions, and incubated for 1 h at 4 1C with lysis buffer, including 1 mg/ml RNAse-free BSA and 1 mg/ml yeast tRNA (both from Ambion) before incubation with the lysed cells. After incubation with the beads, two washes with lysis buffer were performed and RNA was extracted with Trizol (Invitrogen) and Chloroform (Fisher Scientific, Waltham, MA, USA). cDNA preparation and qRT-PCR were done as described above, and values were normalized to input (cellular RNA without incubation with beads) and then to GAPDH.
Cell migration analysis. Cell migration was evaluated with the aid of a real-time cell analyzer (xCELLigence RTCA; Roche Applied Sciences, Mannheim, Germany), which provides a real-time measurement of migrating cells by extrapolating changes in electrical impedance with the number of cells passing through a porous membrane. Briefly, 160 ml of complete RPMI medium supplemented with 10% FBS (as attractant) were loaded in the lower chamber of the migration plate (CIM-Plate 16; Roche Applied Sciences). After fitting the upper chamber on the lower chamber, 35 ml of RPMI containing 0.1% FBS were loaded and allowed to equilibrate for 1 h in a 37 1C incubator. A total of 8 Â 10 4 OVCAR-8 cells, transfected 48 h earlier with miR-C or miR-661 (20 nM) or with si-miR-C (miR-control inhibitor) or si-miR-661 (miR-661 inhibitor; 100 nM), were starved for 6 h in RPMI without FBS and then resuspended in 100 ml of RPMI containing 0.1% FBS. Then, cells were loaded in the wells of the upper chamber in the CIM-Plate (subsequently placed in the RTCA analyzer in a 37 1C incubator). After background reading was determined, cell migration was measured and recorded every 15 min (100 sweeps at 15-min intervals). RPMI medium without FBS loaded in the lower chamber was used as negative control. Each experiment was performed in three biological replicates.
Clinical data analysis. Data of miR-661 amplification and p53 status in patients from different cancers was generated using cBio portal (http:// www.cbioportal.org/public-portal/). 19 For each cancer type, the percentage of patients with miR-661 amplification, p53 mutation or both together was calculated as an average of all data sets available for this cancer type. P-values were calculated with a hypergeometric distribution. Survival probabilities of breast cancer patients were generated with MIRUMIR (http://www.bioprofiling.de/GEO/ MIRUMIR/mirumirD.html), 16 based on data taken from GSE37405. 17 
